ABSTRACT: Tendinopathy includes cases with chronic tendon pain and spontaneous tendon ruptures, which is putatively resulted from failed tendon healing. Overuse is a major risk factor of tendinopathy, which can impose mechanical and oxidative stress to tendons. Previous studies investigated the influences of mechanical stress, but the direct impact of oxidative stress on tendon healing remains unclear. We hypothesized that imposed oxidative stress can impair tendon healing and lead to tendinopathic changes. Thirtynine rats were operated for patellar tendon window injury. From weeks 3-5 post-operation, the rats received three weekly subcutaneous injections of saline, 50 or 500 mM H 2 O 2 (n ¼ 13) over patellar tendon. Gait analysis for pain assessment and 3D ultrasound imaging for detection of tendinopathic changes were performed at pre-injury and 6-week post-operation. At week 6, knee specimens were harvested for histology or tensile mechanical test. Elastic modulus of the healing patellar tendons was significantly lower in 50 mM but not 500 mM H 2 O 2 group, while ultimate mechanical stress was not significantly different across groups. Similarly, only the 50 mM H 2 O 2 group exhibited pain-associated gait asymmetry. Significant tendon swelling with increased tendon volume was observed in the 50 mM H 2 O 2 group. There were hypoechogenic changes in the tendon wound, but there was no significant difference in percentage vascularity. H 2 O 2 impaired tendon healing and elicited tendinopathic changes, with respect to pain and structural abnormalities. Oxidative stress plays a role in the failed tendon healing of tendinopathies, and H 2 O 2 -induced failed tendon healing may serve as a good animal model to study tendinopathy. ß
Tendinopathy includes cases with chronic tendon pain as well as cases with spontaneous tendon ruptures, which is putatively resulted from failed tendon healing. 1 Overuse is a major risk factor of tendinopathy. It imposes repetitive mechanical stress on tendons, while exerciseinduced physiological changes may also affect tendon healing responses. 2 Various in vitro studies showed that repetitive mechanical stimulations could induce expression of cytokines and metalloproteinases in cultured tendon fibroblasts, 3, 4 which can lead to tendon degeneration. Animal models of tendinopathy were developed with chronic exercise training 5 or passive repetitive motions, 6 but the overuse-induced biochemical changes in tendon may be restored after rest. 7 It echoes with the clinical observations that not all athletes with similar overuse history developed tendinopathies, like marathon runners. 8 It is possible that other etio-pathological factors may confound the influences of repetitive mechanical stress on failed healing in tendinopathies.
Oxidative stress may be one of these etio-pathological factors, as it is also generated during exhaustive exercise. 9 Oxidative stress is resulted when cellular antioxidant defense system cannot handle excessive reactive oxygen species (ROS) production, which leads to unfavorable oxidative modification of cellular components. Upregulation of antioxidant enzyme peroxiredoxin 5 suggested the presence of oxidative stress in human tendinopathy. 10 On the other hand, fluoroquinolones antibiotics can induce oxidative stress in tendon cells and trigger tendinopathic changes leading to spontaneous ruptures. 11 We recently showed that imposed oxidative stress affected tendon progenitor cells by decreasing cell recruitment and survival. 12 Imposed oxidative stress on cultured tendon cells can lead to increased MMP-1 expression 13 and cell apoptosis, 14 and deficiency of key antioxidant enzyme superoxide dismutase also induced degenerative changes similar to rotator cuff tendinopathy. 15 All these evidences suggest a causal relationship of oxidative stress and tendinopathic changes, but the negative impacts of oxidative stress on tendon healing have not been explored in vivo. In this study, we propose to investigate the effects of imposed oxidative stress in a well-established rat model of patellar tendon healing with outcome measures related to tendinopathy, such as painful responses and mechanical strengths of healing tendons.
METHODS
The animal experiments were approved by the Animal Experimentation Ethics Committee in the authors' institution (Ref no.: 12/034/GRF-5). The overall study design was shown in Figure 1 .
Animal Model of Patellar Tendon Donor Site Injury
In order to investigate the effects of imposed oxidative stress on tendon healing, a rat model of patellar tendon donor site injury established by our group was used in this study.
weeks, weighting 200-300 g, were anesthetized with abdominal injection of a mixture of ketamine and xylazine (Alfasan, Woerden, the Netherlands). The skin and the patellar tendon sheath at right knee were opened to expose the patellar tendon. A defect was created by removal of its central third from the distal apex of the patella to the insertion of the tibia tuberosity. The fascia and skin were closed using absorbable suture. The animals were given intramuscular buprenorphine (0.03 mg/kg body weight). The animals were allowed free cage activities immediately after operation.
Hydrogen Peroxide Treatment
The rats were randomly assigned to three groups (n ¼ 13 per group): (i) saline; (ii) 50 mM H 2 O 2 solution; or (iii) 500 mM H 2 O 2 solution. From the 3rd to 5th weeks post-operation, during the tissue remodeling phase following tendon injury, 16 three weekly injections were given to rats. Under general anesthesia, rats were put in a supine position with knee naturally flexed. Using a 1 ml syringe with 30 G needle, 100 ml of normal saline or freshly prepared sterile H 2 O 2 solution was injected subcutaneously over patellar tendon at a 45˚angle.
Gait Analysis
At pre-injury and 6-week post-injury (2 days before euthanasia), gait analysis was performed using Catwalk XT 9.0 system (Noldus Information Technology, Wageningen, the Netherlands) in all rats (n ¼ 13 per group). Rats were allowed to walk voluntarily back and forth along a glass walkway. Runs with speed <30% variation were recorded as compliant runs and were used for analysis. Gait parameters including Limb Idleness Index (LII) were calculated as a product of target print ratio, anchor print ratio, and swing duration ratio of operated limb versus contralateral limb. 17 An increase in LII indicates gait asymmetry and pain-associated gait changes. Data were presented as the difference in gait parameters between 6-week post-injury and pre-injury level.
Ultrasound Imaging
High resolution 3D ultrasound images (Vevo770, Visualsonics) of patellar tendon were acquired non-invasively at 6-week post-operation (1 day before euthanasia) in all rats (n ¼ 13 per group). The scanning set up and method of analysis was shown in Figure 2 . Before ultrasonographic image acquisition, the rat was anesthetized with abdominal injection of ketamine/xylazine. The hair over the knee was removed and the rat was then put on the precision rail system with the knee kept at a 100˚flexion and the patellar tendon positioned parallel to the acoustic window of the scanhead. The imaged limb was secured with modeling clay during image acquisition and coupling gel was applied on the top of the knee (Fig. 2A) . Alignment of sagittal plane of the knee to the scanning plane of the scanhead (RMV712, 75 MHz, focal length; 6 mm, field of view: 9 mm) was achieved by positioning the patellar tendon in line with the acoustic window of the scanhead, and checked with the real time B-mode scanning for visualization of patella, patellar tendon and tibia tuberosity by moving the scanhead from medial to lateral sides of the knee. Fine tuning was performed to make the patellar tendon positioned perpendicularly to the scanhead at 6 mm focal depth for best resolution. To acquire 3-D images, the scanhead was turned 90˚to obtain the coronal section of the patellar tendon. The 3-D motor was set at a scanning range of 12 mm with a step size of 0.03 mm to obtain the 3-D images, which could be virtually examined at any sectional planes for image comparisons of different samples (Fig. 2B ). The volume of the tendon was measured by a built-in 3-D measurement tool by tracing the contour of the patellar tendon at coronal planes from the first view void of the bony line of patella to the first view with bony line of tibia (Fig. 2D ). Power Doppler mode was used to detect vascular flow in the volume of interested identified as tendon, with a default setting to detect flow with medium velocity with a wall filter of 2.5 mm/s and scan speed of 2.0 mm/s. The results of vascularity measurement were presented as percentage vascularity relative to tendon volume.
Biomechanical Test
At 6-week post-injury, the rats were euthanized by intraperitoneal injection of overdose of pentobarbital to harvest knee specimens for either histology (n ¼ 5) or tensile mechanical test (n ¼ 8). A Hounsfield Test Machine (H25KS, Tinius Olsen Ltd, Surrey, UK) with a 250 N load cell was used to measure the ultimate tensile strength of the healing tendons according to a well-established protocol. 18 The specimens were tested at a speed of 40 mm/min. Throughout the test, the specimens were kept under room temperature and were hydrated with normal saline. In contrast to previous protocols, the whole patellar tendons, including the tendon wound and the adjacent un-traumatized tendinous tissues, were harvested for tensile mechanical test, which can avoid the sampling error of harvesting only the central-one-third tendon wound by visual inspection. The patella-patellar tendon-tibia complex was mounted on a jig at a 0.5 N tension for measurement of cross-sectional area by 3-D ultrasound imaging. Using the same built-in 3-D measurement tool, the average crosssectional area was obtained by dividing the tendon volume with the length of tendon. After the tensile mechanical test, Figure 1 . Schematic diagram showing the study design. Rats operated for patellar tendon window injury were allocated to either one of the three treatment groups. Gait analysis was performed at preinjury and at 6-week post-operation. After that, rats underwent ultrasound imaging and then assigned for either histology or load-to-failure test.
FAILED TENDON HEALING BY HYDROGEN PEROXIDE the ultimate tensile strength of the healing tendon was obtained by dividing the maximum load at failure by average cross-sectional area. The elastic modulus of the healing tendon was calculated at 5-10% strain which correspond to the linear region of the stress-strain curve. The apparent failure mechanism of each specimen was carefully examined during and after the biomechanical testing.
Histological Analysis
The whole knees were fixed in 10% buffered formalin and decalcified in 9% formic acid for 2 weeks. The specimens were used to prepare 5 mm thick paraffin-embedded sections at the sagittal plane of the knee and mounted on 3-aminopropyl-triethoxy-silane (Sigma-Aldrich, St Louis, MO) coated slides. Hematoxylin and eosin (H&E) staining was performed on the consecutive sections of the tendon samples. The stained sections were evaluated by two independent observers (FSC, YMY) with respect to histological features of tendon healing and tendinopathy.
Statistical Analysis
Statistical analysis was done using Statistical Package for Social Science (SPSS) 20.0 (SPSS Inc, Chicago, IL). After checking for normal distribution by Kolmogorov-Smirnov test, data from ultrasound imaging (including tendon volume in vivo, tendon length in vivo, average cross sectional area in vivo, and vascularity in tendon) and biomechanical test (including load at failure, tendon length ex vivo, average cross sectional area ex vivo, ultimate tensile stress, and elastic modulus) were compared with ANOVA with post hoc Tukey's HSD multiple comparison test to detect significant differences between the treatment groups. If the data were not normally distributed, non-parametric Kruskal-Wallis tests were used to compare the treatment effects. Data from gait analysis were compared using repeated measured ANOVA. Statistical significance was accepted at a ¼ 0.05.
RESULTS

3-D Ultrasound Imaging
Treatment with 50 mM H 2 O 2 led to significant increase in tendon volume as compared to the saline control Figure 2 . 3-D ultrasound image was acquired by placing the scanhead in perpendicular to the patellar tendon, and the limb of the animal was fixed with modeling clay at a flexion angle of approximately 100˚to ensure the patellar tendon is parallel to the scanhead (A); the resulted 3-D image revealed the anatomical structures including patella, patellar tendon, and tibial junction, and the image could also be sectioned at any plane for examination (B); a tangent line touching the surfaces of femoral condyle was drawn on the horizontal section to define the coronal section in order to allow comparison between different samples (C); calculation of tendon volume and wound size was done by drawing contours along the selected region of interest of the patellar tendon (D), and these contours were morphed into volumes by the built-in software of the ultrasound system (E). (p ¼ 0.004) at 6-week post-operation, but the 500 mM H 2 O 2 group did not show significant difference (p ¼ 0.650) (Fig. 3) . Tendon length in vivo was similar across different groups (p ¼ 0.504), the tendon swelling in 50 mM H 2 O 2 group was associated with an increase in cross-sectional area (p ¼ 0.018). Representative pictures of Doppler mode ultrasound images were shown in Figure 4 . Hypoechogenic features in the untraumatized tendinous tissues adjacent to the wound were observed in the tendon treated with 50 mM H 2 O 2 ( Fig. 4B ) as compared to saline group (Fig. 4A) and 500 mM H 2 O 2 group (Fig. 4C) . The percentage of vascularity in the healing tendon appeared to be higher in 500 mM H 2 O 2 group but the difference was not statistically significant (P ¼ 0.296; Supplementary data, Table S1 ).
Gait Analysis
There were no significant differences in all gait parameters among the three groups at pre-injury (ANOVA, p > 0.05). Pain-associated gait asymmetry was shown by the increase in LII relative to pre-injury level, which was significantly higher in 50 mM H 2 O 2 group (p ¼ 0.008) but not in 500 mM H 2 O 2 group (p ¼ 0.093), as compared to the control (Fig. 5 and Supplementary data, Table S2 ).
Mechanical Test
The mechanical properties of the healing patellar tendons were significantly impaired by 50 mM H 2 O 2 treatment, as shown by significant decrease in ultimate tensile stress (p ¼ 0.013) and elastic modulus (p ¼ 0.033) ( Fig. 6; Supplementary data, Table S3 ), but 500 mM H 2 O 2 treatments did not deteriorate the mechanical properties. The mechanical properties of the contralateral side did not differ across different treatment groups.
Histological Examination
Representative sagittal views of knee segments revealing the central-one-third wound and the adjacent untraumatized tendinous tissues at 6-week post-injury Figure 4 . In saline group, new tendinous tissues were formed in the tendon wound with some perforation from infrapatellar fat pad. Intrinsic healing as shown by aligned healing cells from the proximal and distal ends of the patellar tendon was observed with limited vascularization into the tendon wound. In 50 mM H 2 O 2 group, there were no new tendinous tissues formed in the tendon wound, instead, disorganized fibrous tissues and significant perforations from infrapatellar fat pad were observed. Vascular features and intrinsic healing in tendon wound were similar to the control group. In 500 mM H 2 O 2 group, limited fibrillogenesis was observed in the tendon wound with significant perforation from infrapatellar fat pad. Significant vascular in-growth into tendon wound was observed.
DISCUSSION
The results demonstrated that H 2 O 2 impaired tendon healing as shown by reduced fibrillogenesis and mechanical weakening. Similar observations were observed in rotator cuff degeneration in SOD-knockout mice with respect to collagen downregulation and inferior mechanical properties. 15 However, only low dose H 2 O 2 (50 mM) exerted significant deleterious effects on tendon healing but not the higher dose (500 mM). It is possible that high dose H 2 O 2 was more effective to trigger host antioxidant defense, as the effects of H 2 O 2 to induce expression of antioxidant enzymes were dose-dependent and pre-treatment of H 2 O 2 (100 mM) could offer protection from oxidative stress. 19 The weekly administration of H 2 O 2 in this study may favor pre-conditioning to enhance endogenous antioxidant defense and hence diluted the effects of imposed oxidative stress on failed tendon healing. On the other hand, it is well known that H 2 O 2 can trigger angiogenesis, 20 which is beneficial to tissue repair. 21, 22 As increased vascularity was observed in 500 mM H 2 O 2 treatment group, the deleterious effects of H 2 O 2 on tendon healing may be counter-balanced by its effect on angiogenesis in the high dose group. In fact, a number of studies reported that H 2 O 2 and other ROS exhibit biphasic effects and regulate angiogenesis in a biphasic manner. 23 Apart from mechanical weakening, the H 2 O 2 treatment groups also exhibited tendon swelling, painful responses, and histopathological changes, which mimic the key features of tendinopathy. Tendon swelling was associated with the appearance of hypoechogenic features in the adjacent un-traumatized tendinous tissues, which corresponded to hypercellular regions with loosen collagen fibers. As oxidative stress can upregulate MMP-1 expressions in tendon cells, 13 it is likely that the swelling of tendinous tissues was related to degenerative changes in extracellular matrix as shown by histology. Tendon swelling can exert increased pressure to surrounding tissues, which may contribute to mechanical allodynia, Figure 6 . (A) Ultimate tensile stress and (B) elastic modulus of the rat patella-patellar tendon composite at 6 weeks following patellar tendon window defect injury.
Ã indicates statistical difference at p < 0.05 between 50 mM H 2 O 2 group and saline control group. which may explain the observed pain-associated changes in walking gaits of the rats.
In this study, we examined the histology of the injured patellar tendons at the sagittal plane of the knee joint of rats, while majority of studies, including our previous studies, 16, 18 examined longitudinal sections of excised patellar tendon along the frontal plane. The current histological examination allows inspection of peritendinous changes such as those in epitendinous tissues and infra-patellar fat pad. It showed that healing responses of patellar centralone-third injury involve both intrinsic healing from the excision sites at distal and proximal patellar tendon insertion, and extrinsic healing from perforation of infrapatellar fat pad. More extensive extrinsic healing was observed in H 2 O 2 treatment groups, which resulted in less organized and aligned collagen fibers with peritendinous adhesion. It may help to explain why antioxidant supplementation can reduce tendon adhesion in flexor tendon injuries model. 24, 25 Apart from the sources of healing cells, origins of neovascularization were also better revealed at this sectioning plane. Vascular in-growth from superficial epitendinous tissues and infrapatellar fat pad were found in the tendon wound, while intra-tendinous capillaries were only found at the tendon insertion sites. As the 3-D power Doppler ultrasound measurement did not differentiate size of blood vessels and the data were expressed in percentage of vascular volume in the volume of interest (tendon), large variations were entailed. Nevertheless, ultrasound and histological images suggested that the increased vascularity in the 500 mM H 2 O 2 groups was accounted by both vascular features in the wound and in the tendinous tissues. As hypervascularity is a characteristic feature of tendinopathic tissues, 1 oxidative stress may be one of the pathological factors of tendinopathy.
It is well documented that physical activities increase free radical production, 26 and the extent of oxidative stress depends on training levels. 27 Although measurements of free radicals and antioxidant levels were mainly performed in blood or muscle in these studies, it is no doubt that tendon would also be exposed to oxidative stress during overuse exercise. Thus oxidative stress-induced failed tendon healing may be one of the possible mechanisms of pathogenesis of tendinopathy. We observed tendon pain, mechanical weakness, and characteristic pathological changes of tendinopathy in the current rat model; these may support the use of this model for further studies of tendinopathy. As compared to mechanically induced tendinopathy animal models, 1, 28 this model is less time-consuming and probably more reproducible, since adaptive responses to repetitive mechanical stimulation are not easy to standardize. Oxidative stress is unequivocally involved in overuse and diabetes 29 which are major risk factors of tendinopathy; this model may have higher clinical relevance as compared to collagenase- 1, 28 or cytokine-induced 1,28 degenerative tendon injuries models.
There are several limitations of the current study. Although donor site morbidity related to the use of patellar tendon graft in anterior cruciate ligament reconstruction is well reported, 30 most tendinopathies may be initiated as failed healing of insidious microinjuries. The mobilization of extrinsic and intrinsic healing process is different between tendon defect and tendon tear, thus it may be advisable to further investigate the impacts of oxidative stress on healing of tendon tears, preferably at tendon insertion which is the common site of pathological changes. As tendinopathy is resistant to conservative treatment and may not be self-resolved after rest, we may also need to follow up the healing process for a longer period of time even after the H 2 O 2 treatment is ceased.
Furthermore, in this study, we did not investigate the prevalence of inflammatory cells and cytokines in healing tendons under the influence of imposed oxidative stress, which may also be the key players to mediate tendinopathic changes. Future study can target on the redox signaling pathways, including Forkhead transcription factors 31 and hypoxia inducible factors 32 in tendon cells and inflammatory cells. In addition, further experimental work can be performed to investigate the effects of redox modulation on antioxidant defense and angiogenesis. Lastly, since sham-control was not included in this study, the effects of H 2 O 2 on intact tendon were not investigated.
The current findings suggest that oxidative stress can impair tendon healing and may play a significant role in pathogenesis of tendinopathies. This H 2 O 2 -induced tendinopathy animal model can be used to study pathogenesis of tendinopathy and potential interventions.
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